Purpose Catheter ablation of premature ventricular contractions (PVCs) is highly successful and has become the hallmark treatment for symptomatic or highly prevalent cases. However, few studies exist that evaluate the outcomes of ablation and likely mechanisms of PVC recurrence beyond 1 year of follow-up. Methods This study is a retrospective analysis of patients who underwent catheter ablation for symptomatic PVCs with acute procedural success and had clinical follow-up ≥ 12 months. Results Forty-four patients (24 women; age 53.5 ± 4.8 years) following acutely successful PVC ablation with long-term follow-up were studied. At a mean of 36 ± 6 months, overall long-term ablation success was 75% (33/44 patients). Notably, recurrence of the targeted PVC focus was low (6.8%, 3/44 patients); the majority of recurrences were from a new source location (18.2%, 8/44 patients). The time course for targeted versus de novo PVC recurrences was significantly different: recurrence of a PVC similar to the targeted PVC morphology occurred at a mean of 5.0 ± 2.0 months, while recurrence of a PVC different from the index case occurred at a mean of 35.8 ± 17.1 months (p = 0.01). Non-ischemic cardiomyopathy was associated with increased risk of PVC recurrence (odds ratio [OR] 14.50 (95% confidence interval [CI] 1.92-109.33, p = 0.01)) and was a significant negative prognostic factor in multivariate analysis for PVC recurrence survival (hazard ratio [HR] 4.63, 95% CI 1.03-20.74, p = 0.04). Conclusions The majority of long-term PVC recurrences occur late in follow-up, at locations remote from the targeted PVC source or sources. Such sites may represent ongoing substrate evolution; additional work is required to determine the precise substrate alterations which promote such arrhythmogenic changes.
Introduction
Frequent premature ventricular contractions (PVCs) are common and may occur in 1-4% of the general population [1] . An elevated PVC burden may cause significant palpitations and lead to left ventricular dysfunction or enlargement [1] [2] [3] [4] [5] . Prior seminal work has demonstrated that catheter ablation of PVCs is feasible and safe and may reverse LV dysfunction due to tachycardia-mediated cardiomyopathy. Current guidelines recommend PVC ablation for drug-refractory cases with significant symptoms or LV dysfunction [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
The success of PVC ablation at 6 months has been reported as 80-95%. However, limited data exist regarding the outcomes of PVC ablation beyond 1 year. Additionally, risk factors for late PVC recurrence are uncertain. We hypothesized that ongoing substrate changes may result in late PVC recurrences at sites remote from the index procedure. The purpose of this study was to investigate the mode and timing of long-term PVC recurrence following successful ablation.
Methods

Study design
This study was conducted under an institution review boardapproved protocol for the retrospective analysis of patients following catheter ablation of PVCs between May 2010 and May 2015 at the University of California San Diego Medical Center. Data were obtained from the UCSD procedural database (Perminova, Inc., San Diego, CA, USA) and electronic medical record (Epic Systems Corporation, Verona, WI, USA).
Patient characteristics
Patients with symptomatic or frequent PVCs who underwent acutely successful ablation with long-term follow-up greater than or equal to 12 months were included. Acutely successful ablation was defined as elimination of PVCs without intraoperative recurrence on or off an isoproterenol challenge. Recurrence was defined as any of the following: recurrent symptoms due to PVCs at clinical follow-up, ECGs demonstrating PVC recurrence during follow-up visits, or ambulatory monitors (24/48 Holter, 2-week event monitoring) showing > 1% PVC burden. Patients were excluded if clinical followup was less than 12 months.
Mapping and ablation
A standard electrophysiology study was performed in all patients. Monitored anesthesia care was used to avoid PVC suppression by general anesthesia. Three-dimensional electroanatomic mapping was used in all subjects. PVC mapping and ablation technique and equipment were left to the discretion of the attending electrophysiologist.
In general, the clinical PVC templates were captured for pace-map matching prior to sedation. If no PVCs were seen at baseline, then isoproterenol and/or phenylephrine was given to induce PVCs. A combination of pace-map matching and activation mapping was performed when possible to localize PVC sources. After successful ablation of the PVC site, a 30-min waiting period was observed, during which high-dose isoproterenol (up to 30 μg/min) was administered. Ablation success was defined as the absence of intraprocedural PVC recurrence.
Follow-up
Post-ablation PVC burdens were monitored by 24/48 Holter within the first 3 months after the initial procedure. Subsequent follow-up and quantitative measurements of PVC burden depended on the clinician's judgment of symptoms, presence of coexisting arrhythmias or other cardiac conditions, and implantable device interrogation.
Comparison of index versus recurrent PVC source locations
Index source locations were identified as the site of PVC termination from intraprocedural mapping and ablation. If the patients had clinical recurrence of PVCs during longterm follow-up, recurrent source location was similarly defined as the site of successful PVC termination during repeat ablation. If repeat ablation was not pursued, source location was determined using standard 12-lead ECG PVC localization technique [2, 4, 11, 12, 17, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . For all patients with PVC recurrence, we searched for available cardiac magnetic resonance imaging (CMRI) studies and reviewed these studies for the presence of delayed gadolinium enhancement at either the index or recurrent PVC source location.
For statistical analysis, PVC sources were grouped into the following categories: (1) right ventricular outflow tract (RVOT), (2) right ventricle (non-outflow tract), (3) left ventricular outflow tract and coronary cusps (LVOT), (4) left ventricle (non-outflow tract), and (5) LV papillary muscle.
Statistical analysis
Continuous variables were expressed as mean ± standard deviation and were compared with Student's t test. Categorical variables were compared with the χ 2 test; Fisher's exact test was used when expected values in contingency tables were less than 5. One-way ANOVA was used to determine the effect of source location on probability of PVC recurrence, using Bonferroni's correction for multiple comparisons. Multivariate logistic regression was used to determine predictors which were associated with PVC recurrence within the entire study population. Predictors exhibiting differences between groups with a p value of < 0.10 in the univariate analysis were incorporated into the multivariate model. Univariate analysis of PVC source locations was performed via logistic regression with the RVOT location as the reference group. A two-tailed p value of < 0.05 in the multivariate regression was considered statistically significant. In the subset of patients with PVC recurrence, univariate survival analysis was performed using the Kaplan-Meier log-rank test for categorical variables and Cox regression for continuous variables to determine which factors were associated with recurrence of PVCs at a location different than the targeted site. Characteristics exhibiting differences between survival distributions with a p value of < 0.10 in the univariate analysis were incorporated into the multivariate model. Cox regression was used for multivariate survival analysis of PVC recurrence. A two-tailed p value of < 0.05 in Cox regression was considered statistically significant. The RVOT was chosen as the reference group for logistic regression and Cox regression of PVC source location, as it is the most common PVC source location with the highest ablation success in the general population. Statistical analysis was performed using Stata (Statacorp, College Station, TX, USA).
Results
The study included 44 patients (age 53.5 ± 4.8 years, 24 female, mean ejection fraction 56.4 ± 3.8%) with acutely successful PVC ablation and greater than or equal to 12 months of clinical follow-up. PVC burden by Holter monitoring was reduced from an average of 19.7 ± 3.3% PVCs at 3.3 ± 1.1 months pre-ablation to 2.3 ± 1.7% PVCs at 4.6 ± 2.8 months following successful ablation. Subsequent PVC burden was recorded at a mean of 10.7 ± 18.9 months and at a mean of 22.6 ± 26.6 months post-ablation. Patient characteristics were similar between the long-term ablation success and failure groups for age, co-morbidities, echocardiographic parameters, and antiarrhythmic drugs (Table 1) .
Long-term ablation success (mean follow-up time after index ablation 36.1 ± 5.9 months) of the index PVC was achieved in 93.2% (41/44) of cases. Conversely, 8/44 (18.2%) had symptomatic recurrence from different PVC versus the index case. Thus, overall 3-year freedom from PVCs was 75% (33/44) following ablation. Of these patients, 4/33 (12%) required antiarrhythmic medications for other coexisting arrhythmias: atrial fibrillation (1/4), atrial flutter (2/4), and ventricular tachycardia (1/4). All recurrences were detected with repeat Holter monitoring. To date, 8 of 11 patients with PVC recurrence (72.7%) have presented for repeat ablation.
Index PVC source location and procedural success
The most common PVC source locations identified and ablated were the RVOT (50%) and LVOT/coronary cusps (30%, Table 2 ). The RVOT source location had a 95% (21/22) longterm ablation success rate.
Mode, location, and time course of PVC recurrence
Three patients (3/44, 6.8%) had recurrence of the index procedure PVC location at a mean 5.0 ± 2.0 months. Of the three recurrences of the same PVC, 2/3 were from the LVOT/ coronary cusp and 1 in the RVOT. In contrast, 8 patients (8/44, 18.2%) presented with recurrence of a PVC source location distinct from the index procedure at a mean on 35.8 ± 17.1 months (p = 0.01), Table 3 . The average annual risk of new PVC source development was 6.1%.
Of the 8 patients with recurrence of a new PVC, the LVOT/ coronary cusp location during the index case (4/8, 50%) was most common. None of the recurrent PVC sources occurred at a LV papillary muscle location. None of the recurrent PVC sources were identified or mapped during the index procedure.
Notably, the follow-up interval between the 33 patients with successful long-term outcome and the 11 patients with unsuccessful long-term outcome was not statistically different (p = 0.643). The patients with successful outcome had a follow-up interval of mean 35.5 ± 36.9 months, and the 
Findings from cardiac imaging
In the group of 11 patients with PVC recurrence, CMRI scans were obtained in 3 (same-source-recurrence patient 1, and distant-source-recurrence patients 1 and 3 (Table 3) ). Notably, the CMRI scans did not show evidence of delayed myocardial enhancement at either the index PVC or recurrent PVC site.
Logistic regression: Univariate analyses
Univariate logistic regression analyses of baseline characteristics identified three predictors of PVC recurrence or non-recurrence ( 
Logistic regression: Multivariate analyses
Non-ischemic cardiomyopathy remained statistically significant in multivariate logistic regression analysis (Table 5) . Non-ischemic cardiomyopathy significantly increased the odds of PVC recurrence (OR 14.50, 95% CI 1.92-109.33, p = 0.01).
Survival analysis
Univariate survival analysis identified differences in survival distributions of PVC recurrences in three variables: ejection fraction (p = 0.02), non-ischemic cardiomyopathy (p < 0.01), and PVC source location (p < 0.01) ( Table 6 ). In the 
Comparison of patients with and without long-term follow-up
We evaluated whether there were differences between patients with and without long-term follow-up following PVC ablation; results are detailed in the online supplement, Table S1 . In summary, there were no observed differences between groups.
Discussion
There are three major findings from this long-term study of PVC ablation outcomes. First, we found that while the longterm freedom from the index PVC focus remains excellent at 3 years (approximately 93%), the majority of PVC recurrences at 3 years were due to new foci developing remote from the targeted site (18%). Second, we found that the recurrence of the index PVC focus primarily occurs within the first 6 months, while new PVC source development occurs after 6 months, at a rate of approximately 6.1% per year. Third, we found that non-ischemic cardiomyopathy is both a significant risk factor for PVC recurrence after ablation and has a greater risk of PVC recurrence at a site distant from the targeted PVC source. These findings represent novel insight into the natural history of PVCs following ablation and may help to inform decisions for patients undergoing this procedure.
Long-term PVC ablation outcomes
Since the seminal studies of PVC ablation, the excellent acute success of the procedure has been well documented [2, 4] . Baser and colleagues reported an 80% success at 3 months in a general population undergoing PVC ablation [31] . In a study limited to RVOT PVC ablation, Zhang and colleagues found an 86.8% long-term success [32] . However, the longterm results, modes, and timings of recurrence in a general population undergoing PVC ablation remained uncertain. Italicized p values denote those baseline characteristics with p<0.10 which were included in the logistical regression multivariate analysis Italicized p values denote those baseline characteristics with p<0.10 which were included in the logistical regression multivariate analysis Italicized p values denote those baseline characteristics with p<0.10 which were included in the logistical regression multivariate analysis *Only variables exhibiting differences between groups with a p value of < 0.10 in the univariate analysis were incorporated into the multivariate model Italicized p values denote those baseline characteristics with p<0.10 which were included in the logistical regression multivariate analysis *Only variables exhibiting differences between groups with a p value of < 0.10 in the univariate analysis were incorporated into the multivariate model
In this study, we focused on patients presenting with symptomatic or frequent PVCs who had acute procedural success and long-term follow-up (≥ 12 months). During extended follow-up, we found that recurrence of the original PVC source remains low, < 7%. These results suggest durable long-term success for most patients undergoing PVC ablation which continues long beyond the previously reported studies of 3-12 months.
Importantly, with extended long-term follow-up, we found a significant amount (18.2%) of patients had symptomatic PVC recurrence from a different PVC location. None of these recurrent PVCs were identified or mapped during the initial ablation. Because the identified anatomic locations were distant from the index PVC source, our work strongly supports that they are not the result of Bchanging the exit^from the index procedure but, rather, likely represent ongoing changes in ventricular substrate. Notably, in the patients with CMRI, such substrate changes were either not extensive or dense enough to be visualized with current CMRI technology in this study. Our mechanistic hypothesis is that ongoing ventricular stress and fibrosis create new regions capable of automaticity. Further work is required to define precise pathophysiologic mechanisms which result in proarrhythmic substrate and to develop imaging technology capable of detecting this substrate; such work is ongoing in our laboratory.
Time course of PVC recurrence
The limited follow-up in prior work had not detailed the time course or mode of PVC recurrence following successful catheter ablation. As a result, it had been unclear whether such cases represented ablation failure or development of new sources.
In this work, we methodically localized index PVC sources and compared these sites with those of recurrent PVCs. We were thus able to identify a bimodal pattern for the mechanism of PVC recurrence following ablation. Early in follow-up, recurrent PVCs are most likely to be due to resumption of activity of the index PVC site. This may represent an incomplete, or Bmissed,^ablation in which ablation stunned or suppressed the PVC source, but did not completely eliminate the triggering tissue, similar to studies of atrial fibrillation source ablation [33] .
In contrast, de novo sources predominate in late PVC recurrence, consistent with work in other arrhythmias supporting a link between ongoing substrate remodeling and arrhythmia risk [34] . Such data are useful in counseling patients regarding PVC ablation. Furthermore, this finding may be hypothesis generating in that future work may study lifestyle interventions and risk factor modifications to potentially slow or prevent subsequent PVC source development, as has been shown in AF [35] .
Risk factors for PVC recurrence
Finally, we analyzed clinical factors associated with greater risk of PVC recurrence. Notably, patients with non-ischemic cardiomyopathy, defined as reduced ejection fraction (EF < 50%) without patient history of myocardial infarction or echocardiographic evidence of regional scar, are significantly more likely to have PVC recurrence (Table 5 ). These findings holds true even with differential follow-up between individual patients, as evidenced by the time-to-event analysis (Table 7) . This finding is consistent with prior work in PVC ablation demonstrating that PVC sources were often associated with remodeled substrate [36] . Notably, prior work has demonstrated that the ventricles of patients with non-ischemic cardiomyopathy are significantly remodeled [37] and have elevated levels of biomarkers associated with myocyte stretch and necrosis [38] compared with patients without non-ischemic cardiomyopathy. Thus, substrate progression in such patients may occur at an accelerated rate, and is thus detectable in our cohort of patients during the timescale of this study.
It is also possible that the non-ischemic cardiomyopathy cases in this study may have been PVC-induced cardiomyopathy situations. From the 7/44 patients with nonischemic cardiomyopathy, 6 of them (86%) had a significant improvement in their LV ejection fraction following successful PVC ablation. Notably, 3 out of these 6 patients had recurrent PVCs. In addition, recurrence of non-clinical PVCs seemed to result in a drop in ejection fraction in 2 out of the 11 patients.
These factors may play an important role in pre-ablation counseling and education as they represent clinical characteristics that predict PVC recurrence. Such data can help inform a more precise discussion of the expected success rate of an invasive PVC ablation.
Limitations
The main limitation of this study was a small study population due to our strict inclusion criteria of a minimum of 12 months of follow-up after successful PVC ablation. Despite this limitation, we were able to identify sufficient patients to detect the bimodal pattern and timing of PVC recurrence (e.g., index versus de novo). Furthermore, there was no statistical difference in our database between patients who did and did not have long-term follow-up. This provides reassurance regarding the generalizability of our findings. Ongoing prospective series are required to confirm these results. In addition, the four patients with antiarrhythmic medications after ablation for other arrhythmias may have contributed to their long-term recurrence-free success.
